Shearography is a full-field speckle interferometric technique used to determine surface displacement derivatives. For an interferometric technique, shearography is particularly resilient to environmental disturbances and has hence become an invaluable measurement tool outside of the optics laboratory. Furthermore, the inclusion of additional measurement channels has turned shearography from a qualitative inspection tool into a system suitable for quantitative surface strain measurement. In this review article we present a comprehensive overview of the technique, describing the principle of operation, optical configurations, image processing algorithms and applications, with a focus on more recent technological advances.
Introduction
The measurement of strain and related parameters is important for many engineering disciplines. Knowledge of the behaviour of a component or structure under loading allows engineers to design new lightweight structures, to investigate forming and joining techniques, to introduce new materials and to validate computational solid mechanics models. Non-destructive testing is used in both the production environment for manufacturing quality control and during maintenance to guide the replacement of components for safety or performance. Strain measurement is conventionally performed using resistance strain gauges; however recent developments in optical instrumentation, e.g. shearography [1] , digital image correlation [2] and fibre Bragg gratings [3] , allow much more measurement flexibility.
Since its first demonstration [4] , speckle shearing interferometry, or shearography [5] , has offered the specific advantages of interferometric full-field displacement gradient sensitivity using an optical configuration inherently more resilient to environmental disturbances and vibrations than other interferometric techniques such as electronic speckle pattern interferometry (ESPI) [6] . As such it has become an important diagnostic tool, particularly in the field of nondestructive testing [7] where it has been used primarily for qualitative inspection, for example, to reveal delaminations in composite structures such as aircraft tyres and aircraft skins [8] . More recently, shearography has been developed to enable quantitative full surface strain measurement [9] .
To make a measurement using shearography, the optically rough surface of the object under investigation is illuminated with laser light so that a speckle pattern is formed. The speckle pattern is imaged through a shearing device which coherently combines the speckle pattern with an identical but laterally displaced version of itself. This interferometric speckle pattern is then recorded by a CCD camera. Images are recorded before and after some loading event and correlation of these images results in a fringe pattern. The phase of the fringe pattern contains information on the displacement derivative of the surface and in order to make a quantitative measurement the phase distribution across the image needs to be reconstructed. There are several techniques that have been used to do this but a common one, known as temporal phase stepping [10] , involves recording a series of images with a known phase step between them. The images are combined to produce a wrapped phase map with a phase modulo 2π . These wrapped phase fringe discontinuities can later be removed so that a continuous measurement is obtained. This process is known as phase unwrapping [11] .
The aim of this review is to present a comprehensive overview of shearography, in particular the development that has led to its use as a quantitative inspection tool, starting with a discussion on theoretical aspects of various illumination configurations. The next section describes the different measurements that can be made using shearography, both static and dynamic, including strain measurement and shape/slope measurement as well as a description of recent technological advances and a range of different shearing devices that have been recently reported. The image processing requirements of shearography, including the different phase analysis techniques, phase unwrapping and filtering are presented in section 4, along with a discussion on the errors and uncertainties associated with the technique. The penultimate section presents some of the applications for which shearography has been employed, including a range of examples of its use for non-destructive testing. Examples of the use of quantitative multi-component shearography, including a system utilizing pulsed illumination and fibreoptic imaging bundles [12] , are also presented as well as some micro-scale applications and some examples of commercially available systems.
Theoretical overview
In this section the theory of operation of shearography is discussed. To begin with, a simple single measurement channel shearography system predominantly sensitive to outof-plane displacement derivative is described. Then more complex configurations that can be used to measure inplane displacement derivative and all three surface strain components are discussed. In all the systems described in this section a Michelson interferometer is used as the shearing device, since this is commonly used. Other shearing devices can be used and these are discussed in section 3.5.
Out-of-plane displacement gradient measurement
The optical arrangement of a shearography system suitable for measurement of out-of-plane displacement gradient is shown in figure 1 . The output of a laser is expanded to illuminate the region of interest of the surface of the object under investigation. The scattered light forms a laser speckle pattern which is imaged through a Michelson shearing interferometer, onto a CCD camera. The shearing device serves to divide the image so that two identical, but displaced, images are recorded by the CCD camera. The two images combine coherently producing an interferometric speckle pattern at the sensor of the camera. A typical laser speckle pattern is shown in figure 2(a). The light contributing to each speckle in the pattern is scattered from points on the objects surface separated by the shear distance. Any subsequent deformation of the surface will result in a variation in the phase difference between the light scattered from those points resulting in a change in intensity of each speckle. A comparison of images recorded before and after some loading event, commonly by digital subtraction and rectification, results in a fringe pattern where the fringes represent a locus of points with the same magnitude of displacement gradient. A typical correlation fringe pattern obtained from a point out-of-plane displacement of a flat plate is shown in figure 2 (b). The approximate magnitude of displacement gradient along the white horizontal line through figure 2(b) is indicated in the graph in figure 2(c).
Consider a point on the object's surface, located at the point P(x, y, z), as shown in figure 3 . Light from the source S(x S , y S , z S ) is scattered from P and imaged onto a point on the detector at D(x D , y D , z D ) via one of the two paths through the shearing device. After the object has been deformed, the point P is displaced to the position P (x + u, y + v, z + w), where (u, v, w) is the displacement vector at the point P. The displacement vector and its relationship with the (x, y, z) coordinate system is also shown in figure 3 . The origin of the coordinate system is located on the object surface at the centre of the field of view of the camera and the out-of-plane direction z is in the direction of the camera from the object.
The change in optical path length for P due to the deformation is given by
where [13] 
(a) ( b) ( c) Figure 2 . A typical laser speckle pattern (a), a correlation fringe pattern obtained using an out-of-plane sensitive shearography system (b) and the approximate displacement gradient versus horizontal position along the white line (c).
Figure 3.
Diagram showing the optical paths between the source S and detector D for two points on the object's surface, P and Q separated by the shear distance dx, before and after object deformation. The coordinate system shows that u, v and w are the displacement components in the x, y and z directions, respectively [13] .
using a binomial expansion and taking only the first-order terms we obtain [13] 
where
Substituting the relationships
into (3) we obtain
Light arriving at the point at D(x D , y D , z D ) is scattered from the object surface at point P and the point Q, also shown in figure 3 , which travels along the other path through the shearing device and is separated from P by the shear distance dx. After deformation the point Q(x + dx, y, z) is displaced to Q (x + dx + u + δu, y + v + δv, z + w + δw) where u + δu, v + δv and w + δw are the x, y and z components of the displacement vector at the point Q. The change in optical path length for Q due to the deformation is found in the same way as before:
The relative optical path between the two points is found by subtracting equations (6) and (7):
If the shear dx is small, the displacement difference approximates to the displacement gradient and the optical phase difference can be written as
The factors A, B and C are sensitivity factors dependent on the observation and illumination directions and are equivalent to the components of the sensitivity vector k = (k x , k y , k z ) which is defined as the bisector of the observation and illumination vectors. Equation (9) can therefore be rewritten as
If the k x and k y components of the sensitivity vector are brought close to zero then the contributions from the in-plane displacement derivatives are minimized and the system becomes predominantly sensitive to the out-ofplane displacement gradient component. This is achieved in practice by making the observation and illumination directions close to collinear. In this case, the out-of-plane displacement derivative is given by [14] ∂w ∂x = λ φ 4π dx (11) and when the shear is applied in the y-direction the out-ofplane displacement component is given by [14] ∂w ∂y = λ φ 4π dy .
In-plane displacement gradient measurement
In shearography, in-plane displacement derivatives can be measured using an optical system that possesses two symmetrical illumination directions. The object is simultaneously illuminated by both beams, and a fringe pattern is produced due to the coherent combination of the two beams. The fringe pattern that is generated is sensitive to the ∂u/∂x displacement gradient component, assuming shear in the x-direction, if the beams lie in the x-z plane or the ∂v/∂x displacement gradient component if the beams lie in the y-z plane. Using this technique results in an additional interference pattern being produced due to the shearing interferometer that is located between the object and the camera. The subsequent moiré effect between the two sets of fringes results in in-plane displacement gradient-sensitive fringes that are of poor contrast [15] . An alternative method [16, 17] of isolating the in-plane displacement derivatives also uses symmetrical illumination but instead involves illuminating with each illumination sequentially. Images are recorded for each illumination direction before and after object deformation and the phase distribution is then calculated for each. Subtracting the results obtained for each illumination direction results in the outof-plane component being minimized, isolating the in-plane component. The in-plane strain measured using shear in the x-direction and illumination directions in the x-z plane is given by [15] ∂u ∂x
where θ is the angle between the object surface normal and the illumination direction.
Multi-component measurement
If the illumination direction of a shearography instrument does not lie in the x-z plane or the y-z plane, then the resulting measurements contain contributions from all three displacement derivative components. It is therefore possible to isolate all three displacement derivative components using an instrument with three illumination directions with different directional sensitivities [18] [19] [20] . It is also possible, as we shall see later, to use three observation directions. A typical threecomponent shearography system based on three illumination directions is shown in figure 4 . The three optical sources are positioned at three of the corners of a square at locations S 1 (−x, y, z), S 2 (x, y, z) and S 3 (x, −y, z). The optical phase difference measured using each of the measurement channels is given by
where the numerical subscripts refer to the measurement channels formed by sources 1-3, respectively. These equations can be written as a matrix and the displacement derivatives are then given by ⎡ ⎢ ⎣ ∂u ∂x ∂v ∂x ∂w ∂x
The strain tensor S is given by [9]
where ε x , ε y , ε z are the normal strain components and γ xy , γ xz , γ yx , γ yz , γ zx , γ zy are the shear strain components. The boxed displacement derivative quantities represent those which can be measured using shearography. The other quantities represent the bulk strain components and cannot be measured using shearography since this would require a measurement into the volume of the object. Shearography is therefore limited to measurement only of the surface strain of object under investigation, since the bulk strain components do not contribute to this.
Measurements and technological advances
In this section the use of multi-component shearography for quantitative surface strain measurement that was introduced in section 2.3 is discussed further. We also describe how shearography can be used for profiling of non-planar objects, a requirement for quantitative measurements of surface strain, and discuss the use of shearography for dynamic measurements such as the analysis of vibrating and rotating objects and dynamic loading events such as impact and shock. This section also covers some of the recent technological advancements such as the shearing devices, polarization-based systems and the use of incoherent illumination. The impact of recent improvement in components such as cameras, laser systems and computers is also discussed.
Quantitative surface strain measurement
Strain had traditionally been measured with the resistance strain gauge, which although simple and effective, is subject to a number of limitations. In particular, the strain gauge only measures the surface strain at a single point, with the spatial resolution dependent on the size (gauge length) of the gauge, and also it needs to be physically adhered to the surface of the object under investigation which, in many situations, is not trivial. Optical techniques overcome these problems by providing non-contact measurements over the field of view of the imaging system. Of the optical techniques, shearography is particularly appealing due to its measurement sensitivity to the derivative of surface displacement, a parameter closely related to strain. Full surface strain characterization can be achieved through the measurement of six displacement derivative components, two out-of-plane and four in-plane. This can be achieved using shearography instrumentation with at least three measurement channels and two orthogonal shear directions. Multi-component surface strain analysis was first reported by Steinchen et al [17, 21] . This was done using a configuration similar to that shown in figure 1 to measure the out-of-plane strains and the dualillumination configuration that was discussed in section 2.2 to measure the in-plane strains. The triple-illuminationdirection configuration described in section 2.3 was suggested by Aebischer and Waldner [22] . This configuration can be used to simultaneously measure and isolate two in-plane strain components and one out-of-plane strain component. Later practical multiple illumination systems were developed by James and Tatam [18] , Waldner and Brem [19] and Kästle, Hack and Sennhauser [20] . The systems described in [18] and [19] multiplexed signals from the different measurement channels temporally. In [20] frequency multiplexing was achieved using three sources with different wavelengths and wavelength selective components to discriminate between signals. Using this method image acquisition from each channel is simultaneous; however, accurate pixel registration is required between each of the three cameras and the optical system is complex. In order to measure non-planar surfaces a correction needs to be made to compensate for the variation of the shear magnitude and the sensitivity vector due to the shape of the object [23] . The derivative of an object's shape can be measured with shearography and techniques to achieve this will be described in section 3.2.
The ∂x and ∂y strain components are frequently obtained by repeating measurements with orthogonal shear directions. A method of shear direction multiplexing was presented by Groves et al [24] . The light from a diode laser was coupled into a highly birefringent (hi-bi) optical fibre with each of the eigenaxes of the fibre equally populated. This was achieved by converting the linearly polarized output of the laser to circularly polarized light with a quarter-wave plate. Laser diode wavelength modulation was used to switch between orthogonal linear polarization states of the light exiting the hi-bi fibre. A polarization-sensitive beamsplitter located in one arm of a Michelson interferometer was used to guide the light to the vertically or horizontally aligned mirror depending on the polarization state. Frequency modulation of the laser diode was also used for the purpose of phase analysis.
So far only multi-component shearography systems with multiple illumination directions have been discussed. Equivalently, systems can be developed with a single illumination direction and multiple observation directions. This can be done using multiple cameras and shearing interferometers positioned to give different directional sensitivities.
An alternative configuration involves the use of coherent fibre-optic imaging bundles to transport images from the various observation positions to a single interferometer and camera [12] . Previously endoscopic shearography has been demonstrated [25] , though only using a single component for qualitative measurements. Additional considerations with multiple-observation-direction configurations that are not required in multiple-illuminationdirection systems include the need for adequate image registration between measurements from the various channels and errors due to perspective distortions arising because of the oblique viewing angles. A multiple-observation-direction shearography system is shown in figure 27 . These difficulties can be overcome using an appropriate image-dewarping algorithm [26] . One of the advantages of the multipleobservation-direction configurations is that the instrument can be used in conjunction with a high power laser system that may otherwise be too bulky or expensive to use in the multipleillumination-direction configuration.
Object slope measurement
Quantitative surface strain measurement of non-planar objects requires a correction due to the shape of the object. This can be achieved with a measure of the shape of the object.
Shearography is suitable for the measurement of object slope, the derivative of shape. The use of shearography for surface profiling has been reviewed by Shang et al [27] . The principal techniques are the dual-wavelength method [28] , object rotation [29] and source displacement [30] .
In the dual-wavelength technique the object is illuminated at an initial wavelength λ 1 and an image is recorded. The object is then illuminated again at a second wavelength λ 2 and another image is recorded. The images are subtracted and a correlation fringe pattern is obtained with fringes contouring the slope of the object. The separation of the contour fringes is proportional to the magnitude of the equivalent wavelength λ eq given by
The wavelength shift can be achieved in a practical system through frequency modulation of a laser diode. As an example, in [28] , frequency shifts of 88 GHz ( λ = 0.2 nm) and 132 GHz ( λ = 0.3 nm) resulted in contour spacing of 3.4 mm and 2.3 mm, respectively. In the rotation method the object is rotated by a small amount between exposures and a correlation fringe pattern is obtained through subtraction of the two images. Assuming normal observation, the object slope is related to the phase of the fringe pattern by
where α is the angle of rotation and β is the illumination angle. Good contrast fringe patterns were obtained in [29] using a rotation angle of 0.017
• . Another technique involves displacement of the optical source. This method can be useful since the object rotation technique may not be suitable for large objects and the dualwavelength technique requires good laser frequency stability. The source displacement technique involves displacing the optical source in a direction perpendicular to the illumination axis between exposures and producing a correlation fringe pattern through digital subtraction. The translation needs to be done carefully since any translation along the illumination axis will introduce carrier fringes which will distort the slopesensitive fringes [30] . Quantitative shape measurements from a cylindrical pipe were made in [30] by calculating the phase using temporal phase stepping. The unwrapped phase measurements were referenced against unwrapped phase measurements from a flat plate and scaled using a calculated slope sensitivity constant.
Anand et al [31] used a Fresnel wavefront propagation model to simulate shape measurement with source displacement in shearography. The results of the simulation showed improved accuracy compared to measurements that had previously been measured using shearography. However, the Fresnel propagation model was computationally intensive which meant that only very small simulated objects were investigated. Figure 5 (a) shows a wrapped phase map generated with the model from a simulated cone with a base diameter of 4 mm and a height of 50 μm. The angle of illumination was set at 36
• . The flat plate phase map against which the cone measurement was referenced is shown in figure 5 (b). The two-phase maps shown in figures 5(a) and (b) were subtracted and the result was unwrapped and is shown in figure 5 (c). Figures 5(d) and (e) show the simulated and measured slope and shape, respectively.
Dynamic measurements
Shearography can be used to determine the derivative of vibrational amplitudes of surfaces [32] . If the vibration is harmonic and significantly faster than the frame rate of the camera, then time-averaged measurements can be made using continuous wave illumination. When making timeaveraged measurements image pairs are continuously recorded and correlated by subtraction, a process known as sequential subtraction. This is in contrast to the static subtraction used with conventional shearography where images are subtracted from a single reference image. A π phase shift between the pairs of images is required since the difference in average intensity would be zero over many vibrational cycles [33] . A fringe pattern is then obtained with an intensity distribution given by [32] 
where A is the amplitude of vibration and J 0 is the zero-order Bessel function. The result of following this function is that there is one fringe in the pattern, known as the nodal, or Bessel fringe, which is bright and the intensity of the fringes drops off significantly away from this fringe. In shearography, the nodal fringe is located at the positions of maximum vibration amplitude. Heterodyning of the system by laser frequency modulation can be used to shift the position of the Bessel fringe within the pattern [34] , as shown in figure 6 . Examples of timeaveraged fringes obtained from a vibrating thermal protection tile from the NASA space-rescuecraft X38 programme are shown in figure 7 . Using stroboscopic illumination converts the Bessel fringes to cosinusoidal fringes which have uniform intensity across the fringe pattern [35] . This has been utilized to effectively measure ultrasonic waves propagating through aluminium bars [36] . Further, synchronization of the repetition rate of the laser with the vibrational frequency can allow phase recovery through the temporal phase-stepping technique. The measurement of high-speed transient deformations presents further difficulties since the time-averaged method is no longer suitable and therefore continuous wave illumination cannot be used. The dual-pulse technique is often used for transient measurements. In this technique, the object is illuminated by a laser pulse with a duration that is much shorter than the deformation rate of the object, thus effectively freezing its motion [35] . The object is illuminated by a second laser pulse a short time afterwards and the relative deformation is measured by the subtraction of images recorded from the two pulses. One of the major issues with the dualpulse method is in the phase analysis. Due to the nature of the deformation, the conventional temporal phase-stepping technique cannot be used since there is not sufficient time to record the phase-stepped images. The phase therefore needs to be recovered from two images only. Typically carrier fringe techniques using Fourier transform phase demodulation are used. This problem is discussed further in section 4.2. Some of the applications of pulsed shearography are presented in section 5.2.
Other measurements

Displacement measurement.
Shearography can be used to measure surface displacement. One method involves introducing a large image shear [38] so that one of the sheared images is not of the object under investigation at all but of a static reference surface. The method is analogous to ESPI, another interferometric speckle technique that is sensitive to surface displacement [39] , but retains the stability benefits of shearography. This technique has been used in the measurement of residual stress [40] .
Curvature measurement.
Measurement of flexural strains and curvatures requires the measurement of (a) (b) (c) Figure 7 . Time-averaged fringes obtained using an ISI-SYS TM shearography system from a vibrating thermal protection tile from the NASA space-rescuecraft X38 program [37] . second-order displacement derivatives. To do this a number of techniques have been reported including multi-exposure shearography [41] , a shearography configuration with three apertures [42] and an instrument with two Michelson shearing interferometers in series [43] . In the multi-exposure approach, images are recorded with the object unloaded and after loading. The third image is recorded after a slight lateral translation of the object and then the fourth image is recorded after the loading has been removed. The images are combined and the curvature fringes are observed as a moiré effect between two sets of displacement derivative fringes. In the three-aperture approach the central aperture is filled with a glass plate and the other two are filled with glass wedges to produce three sheared wavefronts. The use of dual Michelson interferometers also produces three sheared wavefronts. In the multiple aperture and dual interferometer approaches the object translation is not necessary and only two exposures are necessary. Wang et al [44] describe the influence of displacement and displacement derivative on the curvature measurements. Bhaduri et al [45] describe a technique to introduce carrier fringes by blocking successive apertures in a three-aperture shearography system. The phase of the curvature fringes can then be determined with a Fourier transform. Alternatively, a conventional Michelson shearing interferometer has been used with a continuous wavelet transform to determine the phase and the second-order derivatives [46] .
Combination with other optical techniques.
A number of authors have reported combining shearography with other techniques; in particular ESPI is a popular choice. This enables simultaneous measurement of surface displacement and displacement derivative from a single loading event using a single optical instrument.
In [38] large image shearing was used to produce ESPI measurements using the reflection from a static surface as a reference beam. The same instrument was also used with smaller image shear for conventional shearography measurements. Fomitchov and Krishnaswamy [47] describe the design of an optical system for both ESPI and shearography. A sliding mirror in the imaging head can be used to switch between ESPI and shearography functionality. A schematic of their optical system is shown in figure 8 .
Shearography has also been combined with digital speckle photography [48] . Speckle photography is an image correlation-based technique typically used for measurement of in-plane displacement.
Because of the nature of the technique it is sensitive to in-plane displacements a few orders of magnitude greater than that of ESPI or holographic interferometry. Combining shearography with speckle photography therefore allows three-component strain measurement (through numerical differentiation of the inplane displacement measurements) using a single illumination and observation direction. This configuration would therefore be advantageous over multi-component configurations in situations where optical access is restricted. Recently Rosso et al [49] presented preliminary results of a combined holography and shearography arrangement that allows simultaneous coherent imaging and strain measurement. The instrument shows the potential for depth-resolved strain measurement inside optically diffusing biological tissue.
Shearing devices
The Michelson interferometer is a popular choice of shearing device since it is simple to set up, offers easy adjustment of the image shear, and phase analysis through the temporal phasestepping technique can be easily implemented by mounting one of the mirrors on a piezo-electric transducer (PZT). One of the drawbacks with the Michelson interferometer is its limited light efficiency since at least 50% of the light entering the interferometer is lost due to the dual pass through the beamsplitter. Alternative shearing devices include the image shearing camera [13] which has a glass wedge in one half of the camera's aperture, or the use of glass plates or a Fresnel bi-prism [15] . These devices have improved light efficiency compared to the Michelson though phase stepping is not so straightforward to implement. Another system that offers improved light efficiency relative to the Michelson interferometer utilizes the hi-bi optical fibre and a Wollaston prism [32, 50] . The orthogonal polarization modes of the fibre are equally populated and light exiting the fibre illuminates the surface under investigation. The reflected light is imaged onto the camera by a pair of lenses between which the prism is located. The prism is aligned such that a pair of sheared images corresponding to the two polarization modes of the fibre is produced. The magnitude of the image shear can be adjusted by translating the prism along the optical axis. A length of the optical fibre is coiled around a piezoelectric cylinder which is used as a phase modulator. Applying a voltage to the cylinder strains the fibre and induces a relative phase shift between the two orthogonally polarized modes.
Recently, a number of systems incorporating alternative shearing devices have been reported. Mihaylova et al [51] present a shearography system employing a pair of plane glass plates with different coefficients of reflection positioned in series. The second of the two plates is mounted to a PZT to facilitate phase shifting. The separation between the two plates determines the magnitude of the image shear. This instrument is shown schematically in figure 9(a). Another shearing mechanism involves using a photopolymer holographic grating in transmission [52] , shown in figure 9(b). A sheet of ground glass positioned between the grating and the CCD camera serves to eliminate unwanted diffraction orders and remove the requirement to resolve the pitch of the grating.
Zhao and Chung [53] describe the use of a liquid crystal spatial light modulator (SLM) to introduce image shearing, as shown in figure 9 (c). The SLM is programmed to simulate a binary phase grating which acts as the shearing device. Additionally temporal phase shifting is realized by shifting the grating pattern between frames. Since no additional moving parts are required to incorporate phase shifting, the instrument is free from uncertainties arising from miscalibration, hysteresis or thermal drift.
Rosso et al [54] describe an instrument that uses a prism with a glass plate as the shearing device, shown in figure 9(d) . The back face of the prism has a coating which splits the incident wavefront into orthogonally polarized waves that are reflected and transmitted, respectively. The transmitted component is directed back towards the CCD camera using a thin glass plate fixed to the prism with the result that the two orthogonally polarized wavefronts are laterally sheared with respect to each other. The magnitude of the shear can be altered by using different thickness glass plates or by adjusting the separation between the prism and the imaging lens. A liquid crystal variable retarder located between the imaging lens and the CCD camera was used to facilitate phase shifting. Being an almost common-path interferometer, the system is particularly insensitive to environmental disturbances. Also, due to the inline arrangement, the instrument is sensitive almost entirely to the out-of-plane component of displacement derivative, with minimal contributions from the in-plane components. Another configuration that has been reported involves using a glass wedge in reflection and obtaining sheared images from the reflections from the front and back surfaces [55] . This configuration has been demonstrated for non-destructive evaluation.
Although the systems presented here offer alternatives to the Michelson shearing interferometer, it does however retain a number of advantages; in particular it is straightforward to construct and temporal phase stepping is easily incorporated by mounting one of the mirrors onto a piezo-electric element.
Low coherence shearography
Shearography has relatively low coherence requirements relative to other interferometric techniques due to the comparatively short differences in the optical paths through the interferometer. This has allowed the use of low coherence sources in shearography provided that the spatial coherence is sufficient to generate a speckle pattern. Falldorf et al [56] demonstrated that a mercury arc lamp can be used as the optical source in shearography. The instrument is currently limited by the small range of deformation and objects that can be investigated; however shearography fringe patterns were observed as shown in figure 10. Wang and Tieu [57] also describe the use of a low coherence source in shearography. A mercury lamp was used to measure the out-of-plane displacement derivative of a centrally loaded flat plate. Figure 9 . Some of the recently reported shearing interferometers with alternative shearing devices. A pair of glass plates (a) [51] , a holographic grating and ground glass (b) [52] , a spatial light modulator (SLM) (c) [53] and a prism with a coating and a glass plate (d) [54] . 
Improved technologies
The rapid improvement in the associated electronics and optics means that development of simple digital shearography systems is now easier than ever before and more complex systems covering a wider range of measurement applications can be constructed. More powerful and coherent laser systems mean that larger objects can be investigated and transient deformations can be monitored. More compact laser systems simplify the construction of multiple measurement shearography systems suitable for quantitative three-component strain measurement. Improved camera resolution and bit depth allows for higher resolution measurements and high speed cameras based on CMOS Figure 11 . A series of simulated correlation fringe patterns with a relative phase step of 2π /3 between them (top row) are combined using the three-step algorithm to produce a phase map wrapped in the range −π to +π (lower image.)
detectors even allow for analysis of dynamic surfaces, as has been demonstrated previously with ESPI [58] . Increased camera flexibility allows on-the-fly adjustment of camera parameters, e.g. integration time, allowing techniques such as extended dynamic range imaging in shearography [59] . The rapid development of PC hardware and software now allows for quasi-real-time image capture and display of both wrapped and unwrapped phase maps [60] .
Phase analysis techniques and uncertainty evaluation
Reconstruction of the optical phase variation due to object deformation is an essential step in the process of making quantitative measurements with shearography since the phase is proportional to the measurand. Correlation of two speckle patterns results in an intensity-based fringe pattern that does not provide the phase information leading to the need for image processing procedures to recover this information. In this section, a range of phase analysis techniques are discussed including the commonly used temporal phasestepping technique as well as other methods that can be used when the phase needs to be determined from a single frame only, such as in the measurement of dynamic events. The fringe patterns obtained with shearography tend to be of lower contrast than those generated with out-of-plane ESPI due to the combination of two speckle fields, as opposed to the combination of a speckle pattern and smooth reference. This was demonstrated by Slettemoen in the development of ESPI systems with speckle reference beams [61] . The image processing steps are described as well as post-processing procedures such as image filtering and phase unwrapping. Finally, some of the errors and uncertainties associated with shearographic measurements are discussed.
Phase stepping
Temporal phase stepping involves recording a series of images with a known phase step between them. These images are then combined on a pixel-wise basis using a phase-stepping algorithm producing a wrapped phase map where the pixel values are bound between −π and +π . In a Michelson shearing interferometer, phase shifting is often incorporated by mounting one of the mirrors on a PZT. Applying a voltage to the PZT shifts the mirror altering the relative path lengths in the interferometer, thus shifting the phase. Other phase modulation devices [10] include tilting a glass plate, rotating a wave plate or translating a diffraction grating. Phase shifting can also be achieved by frequency modulation using a path-length imbalanced interferometer [62] . The intensity distribution in a recorded fringe pattern at each pixel (x, y) can be described by
where I 0 is the background intensity, γ 0 is the fringe modulation function and φ is the phase. Since there are three unknowns in (20) , a minimum of three fringe patterns is required to determine the phase. A series of three simulated fringe patterns with a relative phase of 2π/3 between them is shown in figure 11 . These fringe patterns can be combined using the three-step algorithm,
to yield a wrapped phase map. Other commonly used phasestepping algorithms are the four-step algorithm [63] , the fivestep algorithm [64] and the Carré algorithm [65] , which is also four steps, each of which requires images with a relative phase step of π/2:
The three-step algorithm is the fastest of those presented since only three frames are required; however, the others offer additional benefits. For instance, the five-step algorithm compensates for errors introduced by miscalibration of the phase shifter and the Carré algorithm does not require known phase steps provided that they are close to π/2 and are equal. Phase stepping can be applied to the reference frame only, with intermediate determination of phase shifted fringe patterns, or to both the reference and signal frames, where the wrapped phase map is determined solely from speckle patterns. The former is known as the 'phase of differences' approach and the latter is known as the 'difference of phases' approach [66] . The phase of differences method is faster, since only one signal frame needs to be acquired, but the difference of phase technique results in wrapped phase maps with less noise and higher contrast fringes.
Spatial phase stepping
The temporal phase-stepping technique discussed above is the preferred method of phase analysis for most shearography applications because it is straightforward to implement and produces wrapped phase maps with good spatial resolution. However, in some cases the measurand may vary during the time taken to record the phase-stepped images, resulting in an inaccurate measurement. This is the case when dynamic or transient measurements are to be made. One solution is to record a series of phase-stepped images simultaneously, a technique known as spatial phase stepping. This can be done using multiple cameras [67] which can be expensive and require complex optical arrangements. An alternative is to simultaneously record phase-stepped images with different regions of a single CCD camera. This has been achieved with ESPI using a diffractive optical element [68] and in a commercial system (4D Technology TM ) using a pixelated phase mask [69] . Phase maps obtained using this method will have reduced spatial resolution compared to temporal phase stepping since each image occupies only a fraction of the available area on the camera's sensor, although this may not be too much of a problem if a large format sensor is used. Another system that employs spatial phase shifting involves a polarization-based shearing interferometer which divides an incoming image into two and images them side-by-side on a camera with a π relative phase shift [70] . Analysis showed that maintaining sub-pixel image registration was essential to maintain accurate measurements [71] . A more recent paper [70] discusses an improvement of the system when dealing with unfavourable polarization states. 
Spatial carrier technique
The spatial carrier technique [72] is another process that can be used to determine the phase distribution from a single recording. In the spatial carrier technique a carrier frequency is introduced into the recorded intensity distribution which serves to separate the phase information from the background information in frequency space. The image can then be interrogated with a Fourier transform to isolate and calculate the phase distribution. The intensity of a carrier fringe pattern can be defined as
where f 0 is the carrier frequency. The interferogram can then be weighted with a window such as a Hamming or Hanning window to remove the influence of the discontinuities at edges of the data range. The intensity of the fringe pattern can be rewritten as
and the * represents the complex conjugate. The onedimensional Fourier transform of (24) with respect to the x-axis is
where , 0 and C are the frequency space representations of I, I 0 and c, and f x is the spatial frequency in the x-direction. A one-dimensional representation of (26) is shown in figure 12 .
The point at the centre contains the zero order term, which is equal to the sum of all values in the original fringe pattern and can consequently be very large relative to other values in the transformed spectrum. Surrounding the zero order term is the background distribution 0 (f x , y). The phase information is encoded in the two side terms separated equidistant from the zero order term by the carrier frequency f 0 . A filter function H(f x − f 0 , y) is used to isolate one of the side spectra and translate it back to the origin, thereby removing the carrier Figure 13 . Sequence of processing steps used to calculate the phase difference from images using the spatial carrier technique, after [72] .
frequency. An inverse Fourier transform is applied to the isolated and translated spectrum from which the phase can be determined using
The technique can be extended to two-dimensional fringe patterns but it requires that the carrier frequency is constant across the image, i.e. the carrier fringes need to be perfectly straight. This can be difficult to achieve in a practical shearography system. Any curvature in the fringes will be unrecognizable from the distortion in the fringes due to the phase modulation and therefore result in an erroneous measurement. An alternative approach [73] is illustrated in figure 13 using simulated fringe patterns. A carrier fringe pattern is recorded with the object in its undeformed state. Note here that the carrier fringes are slightly curved. When a deformation is applied to the object a phase variation is induced resulting in a modulation of the carrier fringes. The Fourier transform of the reference and signal carrier fringe patterns is calculated, the magnitude of a region of the centre of which is shown. The average intensity of the two carrier fringe patterns is zero, therefore there is no zero order or background term in figure 13 . One of the side features in each is isolated but in this case no translation is applied. The inverse Fourier transform is calculated and the phase is determined using equation (27) .
The phases calculated from the reference and signal images are subtracted and the result is rewrapped modulo 2π to yield the wrapped phase map. This technique works well and is convenient for determining the phase from a pair of fringe patterns. It is also more resilient to high frequency noise than the phase-stepping technique (compare with the wrapped phase map in figure 11 ). However, since it is a global technique as opposed to the pixel-wise operation of temporal phase stepping, pixels will have some influence on each other manifesting as the distortions within the fringe boundaries in the wrapped phase map in figure 13 . This problem worsens as noise increases and can blur out high frequency fringes. In shearography the fringe density for a particular strain variation can be reduced by reducing the image shear.
One method of generating a carrier frequency in shearography is to translate the optical source along the optical axis between two exposures [74] . The difference in the two exposures results in a carrier fringe pattern where the frequency of the fringes is dependent on the magnitude of the translation. This can be realized practically by translating a diverging lens within the illumination path but this can be difficult to achieve in dual-pulsed shearography where the separation of pulses can be as short as 1 μs. A solution to this problem was presented by Fernández et al [75] . In their configuration, shown in figure 14 , dual pulses are generated from twin Nd:YAG laser cavities. Pulses from the two cavities traverse different paths before being made collinear at beamsplitter 2 and illuminating the object. The amount of divergence of the two laser pulses is different due to the different positions of the negative lenses L1 and L2. Carrier fringe patterns can then be produced through the subtraction of speckle patterns recorded from the two pulses. An alternative design involves the use of a Pockels cell and polarization optics to direct the beams along separate paths via the two lenses L1 and L2 [76] 3 . One of the drawbacks of this approach is the difficulty in obtaining a high enough carrier frequency to fully separate the phase-dependent terms from the background term in frequency space whilst maintaining good contrast carrier fringes. Another issue is that at least three images are required if the phase referencing procedure discussed above (figure 13) is to be used, which is problematic for dual-pulsed measurements. The method whereby the spectral feature is translated to the origin would only require two images; however perfectly straight carrier fringes would need to be produced.
Another technique used for carrier frequency generation in shearography involves the use of a Mach-Zehnder shearing interferometer [77] [78] [79] [80] . The principle of the technique is discussed with the help of figure 15 . A typical Mach-Zehnder shearing interferometer composed of two mirrors M1 and M2 and beamsplitters B1 and B2 is shown in figure 15(a) . The lengths of the interferometer arms are exaggerated here for the clarity of demonstration. The magnitude of the Fourier transform of a sheared interferogram recorded with this arrangement is shown in figure 15(b) . The central values have been deleted to show the spectrum clearly in a scaled image. Reducing the aperture of an iris located at the front Figure 14 . Carrier frequency generation in dual-pulsed shearography based on the source translation approach [75] . of the interferometer reduces the size of the spectral feature in frequency space as shown in figure 15(c) . This is because the intensity recorded by the camera is the Fourier transform of the aperture function due to the imaging lens L. This also has the effect of increasing the size of the speckles in the recorded speckle pattern. Introducing a tilt between the two interferometer arms, as shown in figure 15(d) , introduces a phase variation between the interfering wavefronts, resulting in a carrier frequency being introduced into the recorded speckle pattern. Alternatively, the carrier frequency can be introduced by translating one of the mirrors [78] . The phase-dependent terms will then be separated from the background in frequency space, as shown in figure 15(e) . The carrier fringe pattern generated with this method is much higher frequency than those generated with the source translation technique, with only 2-3 pixels per carrier fringe. The average speckle size needs to be at least twice the size of a carrier fringe in order to be adequately sampled. A speckle pattern containing a carrier frequency is shown in figure 16(a) . A region within the speckle pattern is enlarged to clearly demonstrate the carrier fringes Figure 16 . A sheared speckle pattern with a carrier frequency introduced (a). The region within the white box is magnified to show clearly the carrier fringes (b) [79] .
in figure 16(b) . One of the drawbacks with this technique is that the light efficiency is quite low due to the relatively small aperture at the input of the interferometer. This may not be too problematic however if a powerful pulsed laser is used. An alternative processing method, if the carrier frequency is known, involves calculating the phase from neighbouring pixels using a phase-stepping algorithm, such as those given in equations (21) and (22) . This has been demonstrated using a double-aperture shearography system [81] . Beams passing through the two apertures exit with a relative tilt between them resulting in a carrier frequency that is observed across the speckles, similar to that shown in figure 16(b) .
Single fringe pattern demodulation
An alternative to carrier fringe methods is to calculate the phase from a single fringe pattern. A range of techniques exist to do this but they can be quite complex and computationally intensive. One method, known as skeletonizing, involves thinning the fringes so that they are 1 pixel thick. An image is then produced where +1 or −1 is recorded for maxima and minima respectively and 0 for all other points [82] . The phase between the skeletons is then determined by interpolation. The difficulty lies in accurate determination of the fringe peaks and troughs whilst ensuring that there are no breaks in the fringe skeletons. With speckle correlation fringes there is a lot of high frequency noise so extensive filtering is required.
The windowed Fourier transform has also been used in the determination of phase. One technique known as windowed Fourier ridges (WFR) [83] involves interrogating small regions of the fringe pattern and comparing the spatial frequencies with the windowed transform spectrum. The spatial frequency values with the greatest similarity, known as the ridge, are taken as the local frequencies, which are related to the phase derivatives. The phase can then be calculated from the local frequency values either by integration or from the arctangent of the ratio of real to imaginary parts. Figure 17 shows the demodulated phase of some simulated fringe patterns using the WFR technique. This was done using code given in [83] . Note with the closed fringe pattern on the right of the figure errors Figure 17 . Phase demodulation from single fringe patterns using the windowed Fourier ridges technique. Images generated with Matlab R using code presented in [83] .
due to sign ambiguities manifest as a discontinuity running vertically through the phase map. A similar approach is the frequency-guided sequential demodulation technique [84] . In this approach the fringe pattern is first filtered and then normalized using a Hilbert transform. The phase is then estimated by taking the cosine of the pre-processed fringe pattern and the local frequencies are then determined by finding the frequency values that minimize a cost function based on the initial estimate within a small neighbourhood of pixels. The signs of the local frequencies and the phase at each pixel are then determined in sequence dependent on the highest total frequency values of each pixel. This method has been shown to work even with closed fringe patterns.
The continuous wavelet transformation has also been used to determine the phase from single shearography fringe patterns [46, 85] . This can be used in the analysis of continuous deformation with images obtained by a high-speed camera (60 frames per second in [85] ). The intensity variation at each pixel is determined and a temporal wavelet transformation is applied. The 1D temporal intensity variation is converted to a 2D plane, the maxima of which (the ridge) correspond to the local frequency. The phase can then be determined from the arctangent of imaginary to real parts of the ridge frequencies. One advantage of the wavelet transformation is that the demodulated phase is obtained unwrapped, so there is no need for a post-process unwrapping algorithm (section 4.5).
All the techniques discussed in this section are suitable for phase demodulation from a single fringe pattern however they can be rather computationally complex and intensive and would therefore not be suitable for live phase map generation. For instance the windowed Fourier ridges takes 3 min to demodulate a 256 × 256 image using Matlab R code on a Pentium IV 3.2 GHz PC [83] . For shearography, the factors contributing to choice of technique would include its resilience to noise and whether or not closed fringe patterns are likely to be generated.
Filtering
Speckle interferometry techniques by their very nature are subject to significant levels of high frequency noise. Filtering is often used to reduce the high frequency noise prior to further image processing steps such as phase unwrapping. The typical method of removing high frequency noise is to apply a lowpass filter. This is done through the 2D convolution of the image with a low-pass filter kernel. The simplest low-pass filter kernel is the 3 × 3 kernel:
This returns the value of a particular pixel as the average of values within a 3 × 3 neighbourhood centred on the pixel and results in blurring or smoothing of an image. When filtering wrapped phase maps often the sine and cosine are determined to which a low pass filter is applied. The filtered wrapped phase map is then obtained from the sine and cosine maps using an arctan function. The filtering effect can be increased either by applying the filter multiple times or by using a filter kernel with larger dimensions. The danger with over-filtering, however, is that the phase fringe discontinuities will be blurred out. Aebischer and Waldner [86] suggest applying a small filter kernel numerous times, but with an intermediate phase recalculation after each filter pass. This effectively removes noise from the phase map without blurring out the phase fringe discontinuities. Figure 18 
Phase unwrapping
Wrapped phase maps are bound between −π and +π . To obtain a continuous phase measurement these 2π discontinuities need to be removed. This process is known as phase unwrapping. A typical wrapped phase map is shown in figure 19 (a) and a plot along a line horizontally through the centre of the wrapped phase map is shown in figure 19(b) where the discontinuities can clearly be seen when the phase passes −π or +π . Figures 19(c) and (d) show the result after phase unwrapping with the 2π fringe discontinuities removed.
In the case of the phase map shown in figure 19 (a), phase unwrapping can be performed by simply scanning along each row and adding or subtracting 2π whenever the phase passes −π or +π , respectively. In practical shearography, however, the phase maps are often subject to high frequency noise or there may be breaks in the wrapped phase fringes or other difficulties such as holes in the object may exist. Therefore more sophisticated unwrapping procedures are often required.
A popular unwrapping algorithm is the branch cut algorithm [87] . This algorithm involves the detection of phase residues which are found at the points where the breaks in the fringes occur. The residues are assigned either positive or negative values depending on the sum of the phase values of neighbouring pixels. The next step is to place branch cuts which connect positive and negative residues. The phase is then unwrapped pixel-by-pixel avoiding the branch cuts producing an unwrapped phase map.
Another approach involves unwrapping pixels in order of quality. The quality is determined from the phase gradients within the phase map. The phase is unwrapped along the path of the minimum spanning tree [88] . In a weighted graph the minimum spanning tree is a connecting tree that connects all vertices with the minimum total weight. In phase unwrapping, the speed of the process can be improved by considering smaller regions of data within the phase map known as tiles [89] . A recent publication describes the application of a regional phase unwrapping algorithm based on fringe estimation and phase map segmentation to wrapped phase maps generated using speckle interferometry [90] . The branch cut algorithm has been extended to three dimensions [91] . It has been discovered that the phase residues create loops in three-dimensional space. The technique is useful in magnetic resonance imaging, which produces three-dimensional data, but can also be useful in high-speed shearography when sequences of phase measurements are made. The book by Ghiglia and Pritt [11] contains detailed descriptions of a number of phase unwrapping algorithms along with C code implementations of each of them.
A number of commercial software packages offer phase unwrapping among other functions. Some examples are ISTRA from Dantec Dynamics [92], OPTOCAT from Breukmann GmbH [93] and isi-studio (Shearwin NT) from Isi-Sys [94] .
Errors and uncertainties
In this section some of the sources of error in shearography measurements are discussed.
Errors associated with shear amount.
One error source is due to the assumption that it is displacement derivative that is being measured when in fact shearography measures displacement differences between points separated by the shear distance. This assumption leads to the exclusion of higher order displacement derivative terms in the derivation of equation (10) . The higher order terms are present within the shearography measurement and increase uncertainty in a measurement of first-order displacement derivative. This uncertainty can be reduced by minimizing the image shear at the cost of measurement sensitivity. Techniques have also been presented which remove the image doubling effect and reconstruct the displacement field. This can be done by summing phase values along a row of pixels over the shear distance [95] or by using Fourier transform techniques [96] . The displacement derivatives can then be obtained through numerical differentiation, although this will introduce errors associated with the numerical differentiation process.
However, the techniques can be used as an alternative to ESPI with the advantage of retaining the inherent stability of shearography. A recent publication discusses in detail the implications of the shear magnitude in Michelson interferometer-based shearography measurements [97] . Different techniques for calculating the displacement gradient for non-planar surfaces are discussed in detail in [98] . in multi-component strain measurements is due to the use of a matrix transformation to convert from the non-orthogonal measurements to resolve the orthogonal displacement derivative components. The level of uncertainty associated with a matrix operation can be roughly characterized by its condition number. Reducing this number effectively reduces the errors associated with the operation. It has been shown that the condition number of the transformation matrix is dependent on the illumination or observation configuration [99] . Figure 20 shows some example multiple observation direction configurations with different angular separations α between the three measurement channels. The working distance is kept fixed at 62 cm and the observation angle is also fixed at 30
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• . The coordinate locations of the observation positions (op) and the illumination position (ip) are given in the form (x, y, z). The matrix condition number for each configuration was calculated using the Matlab R function cond(M k ), where M k is the sensitivity matrix given in equation (15) .
The variation of the condition number against angular separation is shown in figure 21(a) [76] . The red bars labeled configuration 1-3 mark the locations of the three configurations shown in figure 20 . The graph shows that the optimum configuration in terms of minimizing the condition number is when the measurement channels are equi-spaced, although configurations 1 and 3 show similarly low condition numbers. The working distance and observation angles of the configuration also have an influence on the condition number. Figures 21(b) and (c) show the effect of condition number against the working distance and the observation angle, respectively. In conclusion, the configuration that minimizes the condition number has equi-spaced measurement channels, a short working distance and large observation angles. For multiple-illumination-direction configurations the calculations would be equivalent. This may not be appropriate in a practical shearography system; however a condition number below 20 is considered to be adequate for most measurement applications [99] .
4.7.3.
Errors associated with measurement of shear magnitude.
Another significant source of uncertainty in shearography comes from the measurement of shear magnitude. Accurate measurement of the shear magnitude is required to obtain the displacement derivative; however there is little in the literature that describes effective methods of achieving this. Often a single measurement is made at the centre of the image and the shear is then assumed to be constant at each point in the image. One shear measurement technique that has been discussed is digital image correlation/speckle photography [100, 101] . In the speckle photography approach, an image is recorded first with one arm of the interferometer blocked and then the other. The digital cross-correlation is calculated and the shift of the speckle pattern between the images can be obtained from the separation of the correlation peak from the centre of the resultant image. The shear magnitude is related to the shift in the speckle pattern multiplied by the magnification factor of the imaging system. Cross-correlation calculations can be made at different regions of the image to obtain a full-field measurement of the shear magnitude.
4.7.4.
General sources of error in shearography. A recent study [102] investigated the uncertainties present in shearography due to wavefront divergence with particular consideration paid to the aperture of the imaging system. Both collimated and non-collimated illuminations were considered. It was discovered that at short working distances (∼200 mm) significant phase errors were introduced but quickly reduced to tolerable levels with increasing working distance. Cordero and Labbe [103] used Monte Carlo simulations to quantify errors of in-plane displacement derivative measurements made with shearography. The simulation was conducted by measuring the displacement derivative ∼1000 times using different input parameters generated from the assigned probability density functions. The study found that the measurement uncertainty was greatest at the edges of the illuminated area and where the magnitude of the surface displacement was greatest. 
Applications of shearography
Qualitative non-destructive testing
Shearography has been developed into an important technique in non-destructive testing (NDT) due to its ability to provide a non-contact, full-field measurement. Furthermore, it has a number of advantages over the related techniques of holography and ESPI in that it directly measures the derivative of displacement and it has reduced coherence requirements and sensitivity to vibration due to its use of an almost common-path interferometer. Since shearography directly measures strain anomalies in the region of defects, the successful application of shearography for NDT is dependent on the size and location of the defects, the magnitude of the loading and the magnitude and direction of the shear direction [104] . A common NDT application of shearography is in the aerospace industry [105] where it is used for analysis of structural integrity. Composite panels are frequently used in the aerospace industry because of their high strength to weight ratio. However, they can be subject to delaminations due to impact or shock which can lead to failure of the component. The location of the delaminations and defects can be difficult to determine by eye therefore non-destructive testing is essential in predicting failures. When the component is subject to an applied load, a delaminated regions will exhibit strain anomalies compared with regions that are well adhered. Using shearography the defected regions become visible in the fringe pattern even if they are below the surface since they still have an influence on the surface deformation. Common loading techniques include thermal loading, for example by using high power flash lamps [106] , pressure loading by inducing a vacuum [107] around the region of interest or by vibrational excitation [107] . A number of publications have discussed the use of shearography in the non-destructive evaluation of composites, for example [8, 108] . Other papers have compared the use of shearography for composite NDT with other established NDT techniques such as thermography [109, 110] and ultrasonic C-scan [111] . All these applications utilize single-component shearography systems for qualitative inspection. Figure 22 shows an example of an investigation of an aeroplane panel that experienced damage due to a hailstorm [112] .
The measurements were made with a single-component area of approximately 50 cm 2 was loaded thermally using an infrared source. The processed wrapped phase map is shown in figure 22 (c) and the unwrapped phase map is shown in figure 22(d) . The damage locations can clearly be seen in the shearography results.
One example of a composite panel is the GLARE (GLAss REinforced) panel, developed in the Faculty of Aerospace Engineering, Delft University of Technology, which was used in the manufacture of the fuselage of the Airbus A380. It consists of alternating bonded layers of thin aluminium alloy sheets and glass fibre pre-preg. Figure 23 shows results of an investigation of a GLARE panel using shearography with nine pre-prepared delaminations between the aluminium sheets of 60 mm diameter within it [113] . The locations of the defects are indicated by the circles in the figure. Image processing is used here to reveal the defects and not to provide quantitative information.
Other related investigations using shearography that have been reported in recent publications include the identification of defects in GRID-LOCK R joints [114] and analysis of strain distributions around the inserts in composite plates [115] . GRID-LOCK R is a novel method of joining structural components that was developed by the Goodrich Corporation and used recently in the F-15E fighter aircraft. Inserts are used in composite sandwich plates to transmit loads.
Shearography is also used in the rubber industry for the nondestructive inspection of tyres to detect delaminations along a steel belt on the interior of the tyre [116] . Santos et al [78] used a pulsed ruby laser to investigate shock waves propagating through composite panels. A Mach-Zehnder shearing interferometer was used in conjunction with the temporal carrier technique to obtain wrapped phase maps, as discussed in section 4.3. Recently, Lamb waves in composite fibre reinforced plastics (CFRP) have been investigated using pulsed laser shearography using a Mach-Zehnder shearing interferometer to generate a spatial carrier [79] .
Another example of an application of NDT is in the preservation of artworks. A recent publication [117] describes the use of shearography and terahertz imaging to evaluate a wooden panel painting. Shearography was used to investigate surface and sub-surface defects, whereas terahertz imaging can be used to obtain defect information throughout the depth of the sample. An artificial sample was constructed in the style of a mediaeval Greek painting and analyzed using shearography and terahertz imaging. The size of the sample was 201 mm wide, 112 mm high and 14 mm thick. The artificial painting and the field of the shearography instrument are shown in figure 24 (a). The object was loaded thermally using high power infra-red lamps. Figure 24(b) shows the unwrapped phase map obtained with loading applied to the rear of the object and figure 24(c) shows the unwrapped phase when the front of object was thermally loaded. The results clearly show the presence of a knot in the wood. The discontinuity in the centre of the knot is due to a small crack in the paint layer. One of the difficulties that were encountered during the measurements was due to the different surface reflectivities. In regions where the reflectivity was low, there was low modulation therefore poor measurement quality in these areas. To address this issue, an extended dynamic range technique for shearography, based on that used in photography, was developed [59] . This technique involved recording each image twice but with different exposures. The images are Figure 25 . Results of a multi-component shearography measurement of a hydrostatically loaded pipe showing the wrapped and unwrapped phase maps and the calculated displacement derivatives. The graph shows the measured strain using shearography, a resistance strain gauge and a fibre Bragg grating. The shaded region indicates the standard deviation of a theoretical calculation [9] .
then combined resulting in an image with improved dynamic range and therefore improved measurement quality in regions of previously low modulation.
Applications of quantitative strain measurement in shearography
Shearography has been used to determine the strain around welds. Steinchen et al [118] used shearography to measure surface strain around welded aluminium samples. The samples were loaded using a tensile test machine. The shearography instrument employed a configuration with four laser diodes and two shearing interferometers and cameras. The four inplane strain components were measured using pairs of beams in either the x-z or y-z planes and the two out-of-plane strain components where measured using a single beam. The use of two shearing interferometers allowed the measurement of all six strain components in a single loading step. Groves et al [119] report surface strain measurements from a pipe in the region of a weld. Since the pipe was cylindrical, a correction was required because of the variation in shear and sensitivity vector due to the shape of the object. This was achieved using the source displacement technique discussed in section 3.2. The pipe was hydrostatically loaded before the reference frames were captured and then depressurized before the signal frames were recorded. Strain measurements from a hydrostatically loaded cylindrical pipe have been quantitatively compared with measurements obtained using resistance strain gauges and fibre Bragg grating instrumentation [9] . Some of the results of this investigation are shown in figure 25 . The wrapped and unwrapped phase maps obtained from each of the three measurement channels (ch1-ch3) are shown as well as the calculated displacement derivatives. The graph shows the measured strain versus pressure for the three techniques, all of which lie within the standard deviation of the theoretical calculation indicated by the shaded area.
Another application of quantitative shearography was in the measurement of strain distributions around cracks [120] . Figure 26 shows the results of measurements of a titanium alloy comprising vanadium, iron and aluminium. A 3 mm radius notch was located on one side of the sample and the crack was located adjacent to the notch. The measurements shown were obtained through incremental loading from 1 kN to 10 kN in a tensile test machine. Phase measurements made at each loading step (200 N) were summed to derive the final measurement. The loading step was carefully chosen to prevent 2π phase wrapping, therefore no additional phase unwrapping was required. The samples were then applied with a polymeric coating to simulate a practical component and the measurements were repeated. The result of the coating was that a larger tensile stress was required in order to detect the crack.
A recent publication describes the use of shearography for surface strain measurement of rotating objects [79] . This was done using a pulsed Nd:YAG laser and four observation directions to produce the different measurement sensitivities. This was realized using four camera lenses which were connected to a four-arm fibre-optic imaging bundle. Light exiting the fibre-bundle distal end was imaged onto a CCD camera through a Mach-Zehnder interferometer which served to introduce image shear and a carrier frequency. The arrangement of this system is shown in figure 27 . The object that was investigated was a PTFE plate with an aluminium disk embedded in it. The object, mounted on a lathe, was thermally loaded and set to rotate at a frequency close to the 10 Hz nominal repetition rate of the laser. The laser was then triggered on each rotation of the lathe.
Images were recorded as the object cooled and phase measurements were made from two recordings using the spatial carrier technique discussed in section 4.3. Multicomponent surface strain measurements were obtained from unwrapped phase maps using a matrix transformation based on . Experimental arrangement of a multi-component, pulsed laser shearography system used for quantitative surface strain measurement on rotating objects [79] . CL1-4 represent the four camera lenses and NL is a negative lens used to diverge the laser light.
measurements of the observation and illumination positions. Figure 28 shows the orthogonal displacement derivative components calculated from unwrapped phase maps produced with the shearography system. The strain was observed to be predominantly out-of-plane with greatest variation around the periphery of the aluminium disk. This was expected considering the nature of the loading and the strain values obtained compared well with a theoretical calculation based on the thermal expansion coefficients of the materials involved and the temperature variation.
Small-scale measurements
A number of recent publications have reported some interesting applications of shearography for investigation of objects over a small field of view. This is of particular importance in the electronics industry where stress characterization of components is required to determine their reliability. Dilhaire et al [121] describe a shearography system based on a Wollaston prism that was used to measure surface displacement derivatives of a MOS (metal oxide semiconductor) transistor with dimensions approximately 5 mm 2 . The transistor was calibrated while it was switched off, Figure 28 . Orthogonal displacement derivatives calculated from unwrapped phase maps generated using the shearography system shown in figure 27 . The field of view is approximately 40 mm × 35 mm [79] .
then with the power switched on measurements were made. Thermal effects induced surface bending which was measured with shearography. Udupa et al [122] describe the use of shearography for the detection of defects in unpolished silicon wafers used in the semiconductor industry. Conventionally, in the manufacturing process, batches of wafers are polished before being assessed for defects. Therefore the rejected wafers undergo unnecessary polishing which wastes time and money. A 200 mm diameter wafer was investigated for defects by thermally loading the sample with an infrared lamp. Shearography was able to successfully detect defects ranging in size from 2 to 20 mm. With further adjustments of the imaging optics, defect diameters of approximately 100 μm are predicted to be detectable.
MEMS (microelectromechanical systems) are microscopic machines consisting of components ranging from 1 to 100 μm and are used as sensors and actuators. Knowledge of their response to external loads is important in the assessment of their reliability. A couple of very recent publications have described the use of shearography in MEMS characterization. Mihaylova and Toal [123] report the use of a simple shearing interferometer based on a pair of glass plates (shown in figure 9(a) ) that is suitable for MEMS measurements. A long working distance microscope objective was used as the imaging lens and correlation fringes were demonstrated using a flexible amorphous material over a field of view of 2 mm 2 , as shown in figure 29 . Phase shifting using the interferometer was also demonstrated in a macroscopic configuration.
Kumar et al [124] describe the analysis of a MEMS device using a conventional Michelson shearing interferometer. A zoom lens module allowed measurements over a field of view of 2.5 mm 2 . The illumination intensity was controlled using a neutral density filter and an iris which determined the diameter of the illuminated area. Images were recorded before and after an applied pressure of 80 kPa and the phase was recovered using an eight-step algorithm that compensates for phaseshift errors. Figure 30 shows an out-of-plane displacement derivative measurement of a MEMS pressure sensor with dimensions of 1.5 mm 2 . Shearography displacement derivative measurements have also been applied to the analysis of tissue phantoms [125] . A comparison of normal specimens with those containing abnormalities showed encouraging results with non-destructive evaluation of living biological samples the subject of future research. A later publication [126] Figure 31 . Some of the commercial shearography systems that are available on the market; the Q-800 from Dantec Dynamics (a) [127] , the Steinbichler ISIS mobile 3000 (b) [128] , the Optonor SNT 4045 (c) [129] and the SE3-NDT from ISI-sys (d) [130] .
the incorporation of an endoscope with ESPI and shearography for intra-intestinal inspection.
Commercial systems
A number of companies supply shearography systems. One of the leading suppliers of laser-based measurement systems is Dantec Dynamics [127] , based in Germany. They manufacture, among others, the Q-800 portable shearography system for NDT, shown in figure 31(a) . The system consists of four diode lasers, a miniaturized Michelson shearing interferometer and a 1392 × 1040 pixel array CCD camera. This compact system can be easily mounted on a tripod for a range of measurement applications. Another company that specializes in commercial shearography systems is Steinbichler Optotechnik GmbH [128] . The ISIS mobile 3000 from Steinbichler is shown in figure 31(b) . This instrument is compact and easy to use as it can be fixed directly to the object under investigation. The SNT 4045 from Optonor in Norway [129] shown in figure 31(c) is another compact tripod mounted shearography system developed for non-destructive testing. This instrument utilizes vibrational excitation to apply dynamic loading to the object under investigation. The SE3-NDT from ISI-sys [130] , shown in figure 31(d) , also employs vibrational excitation for object loading. This is facilitated by a piezo shaker that mounts on to the surface of interest. Other developers of commercial shearography systems include Laser Optical Engineering [131] in Loughborough, UK, and Laser Technology Inc. [132] in the USA. Most of the commercial systems are suitable for qualitative inspection and are not used for quantitative surface strain measurement. This indicates that although successfully demonstrated in the laboratory as a quantitative, full-field surface strain measurement technique, there are still several limitations that need to be overcome before quantitative shearography can be fully commercialized.
Conclusions and outlook
This review has reviewed the optoelectronic measurement technique shearography and its associated instrumentation, technology and image processing routines. Over the last ten years or so, shearography has evolved into a useful and efficient tool for non-destructive testing. This is due to its inherent resilience to environmental disturbances and its ability to provide a non-contact, full-field measurement. Quantitative surface strain measurement has also been demonstrated in the laboratory using multi-component shearography instrumentation; however it has yet to evolve into an established measurement tool for industrial strain measurement.
Shearography is also suitable for measurement of the object's shape, analysis of vibrational modes as well as measurements of curvature and twist. Coupled with pulsed illumination, shearography has been shown to be suitable for measurement of dynamic and transient loading events. To make quantitative measurements, recovery of the phase variation between recordings is required. Recovery of the phase is also useful in qualitative assessments since phase maps are more easily interpreted than correlation fringe maps. For static loading events this can be achieved using temporal phase-stepping techniques. For dynamic measurements, however, more complex phase analysis procedures such as the frequency-based techniques are required. This is due to the requisite that all necessary data corresponding to signal and reference states need to be acquired instantaneously. Phase maps are usually obtained wrapped within 2π boundaries. The discontinuities need to be removed in order to obtain a continuous measurement and there are a number phase unwrapping algorithms suitable for this purpose. The number of measurement applications is continually growing. Now, in addition to more traditional applications such as delamination detection in composite materials, many other applications such as evaluation of artworks, assessment of electrical components and even medical applications are being reported.
